Abstract: A description of the Goddard Laser for Absolute Calibration of Radiance, a tunable, narrow linewidth spectroradiometric calibration tool, and results from calibration of an earth science satellite instrument from ultraviolet to short wave infrared wavelengths.
Introduction
The Goddard Laser for Absolute Measurement of Radiance (GLAMR) was designed and built as a portable calibration tool suitable for providing full aperture flat field illumination to hyperspectral instruments. It is capable of providing narrow linewidth, spectrally tunable, and radiance stabilized output from the ultraviolet to short-wave infrared at radiance levels required to calibrate instruments designed to view scenes illuminated by reflected solar illumination. An absolute radiance calibration is provided by temperature-stabilized transfer radiometers, each of which was calibrated directly at the National Institute of Standards and Technology (NIST) by comparison with the Primary Optical Watt Radiometer (POWR) [1] . Results will be shown of the prelaunch calibration of the Visible and Infrared Imaging Radiometer Suite (VIIRS) instrument to be flown aboard the Joint Polar Satellite System-2 (JPSS-2), and a comparison of the calibration generated using both continuous wave and mode locked sources.
Absolute radiometric scale
The radiometric calibration is detector based, using temperature stabilized transfer radiometers which receive periodic calibration at NIST traceable to the NIST Primary Optical Watt Radiometer, a high accuracy cryogenic radiometer operating by the electrical substitution method. We use both silicon and indium gallium arsenide radiometers to cover the ultraviolet to short wave infrared spectral range. Tunable, stabilized lasers available at NIST [2] are used to scan across the full wavelength range in small increments, and absolute radiometric calibration at each wavelength is provided by comparing the response of each transfer radiometer with NIST standard detectors, which receive their calibration from the POWR absolute radiometer. These transfer radiometers are then used to provide an absolute calibration of the radiance from an integrating sphere, as described in the next section below.
Calibration scheme
Illumination is provided to the instrument under test via a one meter diameter integrating sphere. The sphere has several available output port reducers. A smaller port allows higher radiance to be achieved for a given amount of input power, but must be kept large enough to overfill the aperture of the instrument if a flat field is desired. Three permanently mounted, temperature stabilized detectors viewing the interior of the sphere are used to establish the radiance from the integrating sphere. Correspondence between the monitor signals and absolute radiance exiting the sphere is provided by placing the transfer radiometers in front of the sphere output port and comparing their respective signals over the wavelength range of interest. Light is introduced into the sphere from fiber optic cables, mounted such that the instrument under test is shielded from view of both the fiber and portion of the sphere interior directly illuminated by the fiber. The light is coupled into the optical fibers from a variety of tunable lasers and optical parametric oscillators. A feedback signal from one of the sphere monitors is used to provide active radiance stabilization within the sphere. The advantages of using this method of stabilization rather than stabilizing the free space beam prior to fiber coupling are that it compensates for changes in coupling efficiency due to vibration and also compensates for optical feedback into the sphere, as may be the case if testing an instrument with an external shutter, filter wheel, or other moving parts. This calibration scheme has been successfully used with two prior earth science instruments [3] [4] [5] .
Narrow linewidth tunable sources
One significant challenge in implementing this calibration scheme is in meeting the requirements placed on the source in terms of linewidth, tuning range, power, and portability. A primary driver of the present development work is in the area of earth observing instruments, which are intended to view bright sunlit scenes. Reaching reflected solar radiance levels in a one meter integrating sphere requires on the order of one watt of power. Additionally, continuous tunability at that power, particularly through the visible portion of the spectrum, is difficult to achieve within a reasonably portable system.
There are commercially available optical parametric oscillators with the required tuning range, falling into two main types: femtosecond, pulsed, mode-locked systems with repetition rates around 76 MHz and Q-switched systems with repetition rates of several kilohertz or less. Unfortunately, for different reasons neither is suitable for much of the earth science requirements. The femtosecond systems are broadened in linewidth by their transform limit. In the visible spectrum, this can be several nanometers, which in many cases exceeds the resolution of the instruments being calibrated. The Q-switched systems can be made narrow linewidth, but are not radiometrically stable. Also, calibration using individual pulses is complicated by synchronization requirements, and introduces additional error in converting the pulsed response to an equivalent stable source response.
As a result, most of the spectral range is accessed using a custom-built optical parametric oscillator (OPO) and its harmonics. This oscillator is pumped by a 532 nm, picosecond pulse, mode-locked laser with an 80 MHz repetition rate, and a temperature phase matched lithium triborate (LBO) crystal for parametric oscillation in a ring cavity. The measured oscillator pulse length was 13 ps, which keeps the transform limited linewidth acceptably narrow while still providing enough field strength for nonlinear oscillation. The 80 MHz pulse frequency is high enough to be treated as quasi-continuous by typical CCD and CMOS pixel arrays, and is also sufficiently high that the integrating sphere provides some averaging of pulses over time. Power in the fundamental is in the range of one to four watts, and power in the second harmonic of several hundred milliwatts. The OPO fundamental tuning range is 680 nm to 1100 nm, and 340 nm to 550 nm in the second harmonic. In addition, the mirrors become partially transmissive to the idler wavelength at 1200 nm, so the idler output can be used from 1200 nm to 2200 nm.
Within each of these spectral ranges, tuning is fully automated by computer control of the LBO temperature and tuning prism stages. This allows far higher data collection rates than would be possible with manual adjustment of the optics. Typical tuning increments are 30 seconds per wavelength, with 1 nm wavelength increments, although that can be modified depending on instrument requirements. Several hundred calibration points can be obtained per day, and at a resolution of 1 nm the entire spectral range of the OPO can be scanned over several days.
During some of our testing, part of the visible spectrum, between 550 nm and 680 nm, was accessed by tunable dye lasers, and a portion of the near infrared spectrum was obtained from a tunable titanium sapphire laser. Where the tuning range of the titanium sapphire laser and parametric oscillator overlap, we were able to make a direct comparison of calibration using continuous and mode-locked sources. Current development work includes conversion to an all solid state OPO-based system to eliminate the dye lasers and expanding the spectral range further in both the ultraviolet and short-wave infrared.
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